Introduction
High levels of vibrations have been observed on the last row blades of a low pressure steam turbine for nominal operating conditions. A self-excited phenomenon known as flutter is suspected to be the cause of the vibrations for non-stall transonic conditions. The non-homogeneous distribution of vibratory levels on the row is attributed to mistuning effects.
In order to compute flutter characteristics, a method based on a non-linearized Euler code is used. Flutter analysis is performed via an Arbitrary Lagrangian Eulerien (ALE) method on a quasi-3D domain. The work-by-cycle method [7, 3, 9, 11] is used to analyse the stability of the cascade. The aerodynamic forces generated by the flowfield surrounding the vibrating blades are computed and used as input data for a simplified structural model of the row.
Industrial context
The turbine last row has a tip diameter of 5.54 m, 77 blades with a mean span ¢ of 1.44 m, a chord varying from 0.2 m to 0.25 m and a twisting angle of 45 degrees. Unlike most of similar problems [8, 5] , the highest levels are found for nominal operating conditions, whereas maximum vibration levels decrease for low condenser vacuum conditions or partial operating conditions ( Fig. 1-b) . Onsite measurements show that blades vibrate on their first bending mode, at a frequency close to 60 Hz. According to the Campbell diagram, obtained by a finite element analysis, (Fig. 1-a) the first bending mode lies between the second and the third engine order (EO) at nominal operating conditions. Thus it was concluded that the measured vibrations were non-synchronous and generated by a problem of transonic flutter mainly due the physics of flow on the top part of the blades.
ALE formualtion of quasi-3D Euler equations
Following Wu's quasi-three-dimensional model [12] , the computational domain used for flutter simulations lies into a streamsheet generated by the revolution of a meridional streamline and located at a distance £ from the hub such that ¤ ¥ § ¦ © ( Fig. 2-a) . In the framework of ALE formulation, the unsteady inviscid Euler equations are expressed on an arbitrary moving domain, which leads to the following quasi-3D equations: The equations are discretized on a curvilinear grid using a cell-centered finite volume upwind formulation (Harten [2] , Yee [13] , Roe [6] ). Inflow and outflow boundary conditions are implemented using the one-dimensional characteristics method proposed by Thompson [10] , modified in order to match the quasi-3D Euler system. The coupling method is based on the basic staggered algorithm referred to as Conventional Serial Staggered (CSS) procedure by Farhat and Lesoinne [1] .
Flutter analysis
Flutter oscillation is usually analysed as a travelling wave which forces the adjacent blades to vibrate at the same frequency but with a constant phase angle called Inter Blade Phase Angle (IBPA) [4] . According to the travelling wave theory, the possible IBPAs are given by:
The Work-by-Cycle (WBC) procedure [7, 3, 9, 11] is applied on a 7-blade-passage domain: blades are oscillated at a prescribed mode shape, frequency and IBPA and the flowfield surrounding the vibrating 
TAB. 3: Computed aerodynamic damping ratio and measured phase shift.
blades is computed. The work-by-cycle done on the blades by the surrounding fluid is calculated and expressed in terms of aerodynamic damping ratio ¢ ¡ . If the sign of aerodynamic damping is negative, the system is considered aerodynamically unstable.
With this method, the stability analysis is limited to 7 IBPAs. In order to consider the 77 possible IBPAs of the whole row, the same procedure is carried out with the aerodynamic forces synthetized via the influence coefficient method, which is based on a linear behaviour of the row. The computed aerodynamic dampings are presented in Tab. 3-a for both cases.
An instability region is clearly exhibited with a minimum aerodynamic damping ratio of about
Experimental data show that the instantaneous phase angle between two adjacent blades having high vibratory levels is close to 8 (Tab. 3-b). It is of the same order of magnitude as the computed IBPA associated to the instability region. Thus, it can reasonably be concluded that, depending on the instantaneous phase angle between neighbouring blades, a group of blades may temporarily behave as a tuned, aerodynamically instable system and lead to localized high levels of vibrations, as those observed by on-site measurements.
Simulation of a vibrating mistuned row
A simplified structural model is used in the time domain. The disc is splitted into N sectors, and the whole row is modellized by a 2N-degree-of-freedom system, N being the numbre of blades (Tab. 2-b). The system is excited by a white noise centered on blade first modal frequency. The influence of the surrounding flow is taken into account via the computed aerodynamic influence coefficients. The calculated vibratory levels are presented on Tab. 4-a and compared to measured data (Tab. 4-b). The phenomenom of vibratory localization found by experiments is confirmed. Two main groups of blades having high vibratory levels can be observed, wich is a trend similar to on-site measurements.
Conclusion
In order to analyse the flow-induced vibrations of steam turbine blades, an Euler aeroelastic code is developped for quasi-3D geometries. The instability region exhibited by computations and the corresponding travelling wave is consistent with experimental data and gives a possible explanation for the observed vibratory crisis. The use of aerodynamic influence coefficients as the input of a structural model leads to the same trends of vibratory localization measured on the industrial mistuned row. Further developments will consist in designing new blade arrangements aiming at limiting vibratory localizations.
